Introduction {#sec1}
============

Self-assembly utilizing hierarchical processes is an attractive approach for constructing complex supramolecular nanostructures that spontaneously produce ordered ensembles of the molecular components. However, mechanisms governing the self-assembly of many molecular nanostructures, including molecular gels, are poorly understood.^[@ref1],[@ref2]^ The vast majority of molecular gels spontaneously form self-assembled networks (i.e., self-assembled fibrillar networks, SAFiNs) via an aggregation--nucleation--growth pathway. Because the self-assembly process for molecular gels and numerous other architectures is dependent on solvent properties/structures, vicinal solvent molecules must play an explicit role in mediating the aggregation of initially dissolved gelator molecules and their growth into fibers.^[@ref3]^

For almost 125 years, since Ostwald made one of his many prophetic statements, it has been known that chemical processes in nature occur predominantly in solution.^[@ref4]^ Also, any chemical process taking place in solution, including aggregation or crystal growth, is affected by the properties of the solution.^[@ref5]^ Due to the solvent--gelator interplay, numerous attempts have been made to correlate solvent parameters and gelation ability.^[@ref6]−[@ref8]^ Since self-assembly is influenced by both solvent--solute interactions and bulk solvent properties such as viscosity and chemical potential, it is almost impossible to know a priori which solvent parameters will lead to the desired self-assembly.^[@ref5]^

However, the solvent cannot be considered to be a macroscopic continuum that is characterized only by bulk physical properties during the execution of a particular process by a solute; individual solvent molecules interact differently with a solute than they do with each other and, potentially, at different points along a reaction or nucleation coordinate.^[@ref9]^ Therefore, numerous attributes of the solvent--gelator interactions must be taken into account individually in order to understand how a solvent affects the aggregation, nucleation, and growth of molecular gelators such as 1,3:2,4-dibenzylidene sorbitol (DBS). Those attributes include (i) bulk physical properties (i.e., macroscopic properties); (ii) microscopic noncovalent and solvatophobic interactions; (iii) solvation of multicomponent systems; and (iv) chemical solvation during association/dissociation processes.^[@ref9]^

Unfortunately, no one solvent parameter accounts for all of these effects, and even polarity is a method-dependent measurement. In this regard, Katrikzky et al. stated that "the simple concept of polarity as a universally determinable and applicable solvent characteristic is a gross oversimplification".^[@ref4]^ A true measure of solvating ability by a liquid must account for all of the factors leading to solvent--solute interactions and must separate them in a quantitative fashion according to whether they are nonspecific or specific (assuming that they do not lead to chemical transformations between the solvent and solute).

A vast majority of solvent parameters have originated historically from polymer physics, where solvent--polymer interactions dictate the solubility of a polymer and, in turn, polymer--polymer interactions. The self-assembly of molecular gels requires the same solubility considerations as for polymers and additionally the treatment of factors related to how solvents affect intermolecular, noncovalent interactions among gelator molecules. The latter must be attractive in order for the nucleation and growth of the fibers that constitute a SAFiN to occur. Thus, although two solvents may have the same static relative permittivity/polarity, their different functional groups may drastically alter the nature of their noncovalent gelator--solvent interactions. For this reason, they may not be equally amenable to gelation by a common gelator, such as DBS, and their gels may exhibit very different kinetic and mechanical properties. For example, although both 3-pentanone and 1-butanol have static relative permittivities of ∼17,^[@ref10]^ only 3-pentanone is gelated by 12-hydroxystearic acid (12HSA), a solution obtained in 1-butanol under otherwise equivalent conditions.^[@ref11]−[@ref14]^ For this reason, detailed evaluations of how different solvent parameters alter or influence gelation are desperately needed.

The application of Hansen solubility parameters (HSPs),^[@ref6],[@ref9],[@ref11]−[@ref15]^ first applied to molecular gels by Raynal and Bouteiller,^[@ref6]^ is the most frequently used method to predict when a molecular gelator will gelate a liquid. Numerous other measures of solubility have been applied as well^[@ref7],[@ref8]^ to analyze individual molecular gels.^[@ref16],[@ref46],[@ref47]^ They include dielectric constants,^[@ref15]^ Hildebrand solubility parameters,^[@ref6],[@ref7]^*E*~T~(30) parameters,^[@ref17]^ solvent polarity (which includes polarizability (SPP)), solvent basicity (SB), and solvent acidity (SA)),^[@ref18]^ Kamlet--Taft parameters,^[@ref15]^ and the Flory--Huggins parameter.^[@ref16]^ However, to the best of our knowledge, a comparison among (and combined use of) these diverse parameters to explain why some solvents lead to gels and others do not with one gelator (and its self-assembling characteristics) has not been made. Herein, we report the results from such a study using DBS as the gelator. DBS has been chosen because it is known to be an efficient gelator of many solvents^[@ref19]^ and has been used in several industrial applications. We emphasize that the approach described here should be applicable to a wide range of other molecular gelators. Of course, each must be evaluated experimentally for its aggregating properties and the nature of its self-assembled materials.

Methods {#sec2}
=======

Solvents for gelation tests (Sigma-Aldrich, St. Louis, MO, USA) were used as received ([Supporting Information file](#notes-1){ref-type="notes"}, Table S1). Specific amounts of DBS (99% purity, BocSciences, New York, NY, USA) were added at 1 to 5 wt % in 1 wt % increments to a solvent and were heated in closed vials with Teflon liners (VWR, Allentown, PA, USA) in a heating block (set at 250 °C) until a clear solution/sol (by visual inspection) persisted for at least 5 min. The vial was then cooled to room temperature (∼20 °C), except when the melting temperature of the solvent was \>20 °C, as for tetrahydrothiophene (mp ∼26 °C) and 1,3-dioxolan-2-one (mp ∼34--37 °C). In those cases, the samples were incubated at 40 °C. After 24 h at an incubation temperature, each vial was inverted for 1 h. If any flow was detected, then the sample was classified as a sol. The DBS concentration was increased in 1 wt % increments, and the closed vial was reheated and recooled as before. This process was repeated until no flow was observable (i.e., the sample could be classified qualitatively as a gel) or the DBS concentration reached 5 wt %. Transparency and opacity were determined visually at the critical gelator concentration (CGC) because opacity increases with increasing concentration. The degree of opacity also depends on the difference between the refractive index of a solvent and a gelator SAFiN.

The possible gelation of 62 solvents by DBS has been investigated ([Supporting Information](#notes-1){ref-type="notes"}, Table S1). The solvents were selected to give a wide range of dispersive (δ~p~), polar (δ~p~), and hydrogen-bonding components (δ~h~) for the Hansen solubility parameters (HSPs).^[@ref20]^ A second criterion was that they remain liquid at the gelation temperature (∼20 °C), with the exception of tetrahydrothiophene and 1,3-dioxolan-2-one, whose DBS mixtures were examined at 40 °C. DBS was able to gelate all but 7 of the solvents: 40 of the solvents led to clear gels and 15 yielded opaque gels. The opacity of molecular gels has been correlated previously with the morphologies of the SAFiNs, including the cross-sectional thickness and the type and number of fiber--fiber interactions, as viewed by various microscopy techniques ([Supporting Information](#notes-1){ref-type="notes"}, Figures S2 and S3).^[@ref21]^ DBS has been shown recently to be as close to a universal gelator as has been achieved.^[@ref22]^ Its extensive gelation ability can be related to the molecular structure, which allows both hydrogen bond donation and acceptance as well as π stacking.

Rheological analyses were carried out using a TA Instruments Discovery H2 hybrid rheometer with an 8 mm stainless steel cross-hatched parallel plate geometry and a temperature-controlled stainless steel Peltier plate (New Castle, DE, USA). Due to the volatility of some of the solvents used in this study, rheological molds were made using steel compression fittings, which created a 700-μm-thick sample with a diameter of 1200 μm ([Supporting Information](#notes-1){ref-type="notes"}, Figure S1). These compression fittings allowed the gels to be heated in the mold without solvent evaporation. Stress sweeps at 20 °C and a frequency of 1 Hz were conducted from 1 to 10 000 Pa or until the gel yielded, triggering an overspeed error.

Microstructural investigations of the solutions/sols in the seven solvents that did not yield a gel at up to 5 wt % DBS (i.e., 1-methyl-2-pyrrolidone, *N*,*N*-dimethylformamide, pyridine, pyridazine, 1,3-dioxolan-2-one, dimethyl sulfoxide, and tetrahydrothiophene) gave no evidence of gelator aggregates being formed ([Supporting Information](#notes-1){ref-type="notes"}, Figure S2A,B). Conversely, clear ([Supporting Information](#notes-1){ref-type="notes"}, Figure S2C,D) and opaque gels ([Supporting Information](#notes-1){ref-type="notes"}, Figure S2E,F) had bicontinuous networks. The clear gels were composed of thinner fibers than the opaque gels, and the opaque gels tended to form large clusters of fibers that were more birefringent ([Supporting Information](#notes-1){ref-type="notes"}, Figure S2E,F). The differences in birefringence may be related to variations in the molecular packing of DBS molecules or in the degree of annealing of the networks.^[@ref23]^ To avoid the possible loss of solvent during preparations, gels for imaging were preformed in vials and small amounts were placed between the slides and coverslips (leading to thickness variations); hence, it was not possible to determine fractal values and crystal sizes within the microstructures.

Results and Discussion {#sec3}
======================

Application of Solubility Parameters to Nanoscale Assemblies {#sec3.1}
------------------------------------------------------------

Solvent parameters have routinely been used to assess the role of solvent in controlling the phase separation, nucleation, and crystal growth of small molecules.^[@ref5]^ Although the current study examines the role of solvents and their parameters in the assembly of small molecules, the universal underlying mechanisms have been shown to apply to polymer^[@ref24]^ and protein aggregation^[@ref25]^ and the neurodegenerative aggregation of amyloid plaques.^[@ref26]^ Also, solvent parameters have been exploited to understand and manipulate nanoscale assemblies, allowing different polymorphs of single crystals to be grown from their corresponding sols.^[@ref27]^ The formation of different crystalline polymorphs from sols is dependent not only on solvent--solute interactions on molecular level but also on the macroscopic bulk properties, including surface tension and viscosity.^[@ref5]^ Because of the interplay between parameters, it becomes extraordinarily difficult to select a single solvent parameter either to predict or to understand the effect of a solvent on the self-assembly of solute molecules.

Bulk Physical Polarity Scales {#sec3.2}
-----------------------------

Frequently, and most simply, solvents are characterized by their bulk properties. These include polarity, assessed using partition coefficients (log *P*) (Figure [1](#fig1){ref-type="fig"}A); Henry's law constants, HLCs, (air--water equilibrium partition coefficients) (Figure [1](#fig1){ref-type="fig"}B);^[@ref28]^ dipole moments (arising from the nonuniform distributions of atomic charges) (Figure [1](#fig1){ref-type="fig"}C); static relative permittivities/dielectric constants (the ratio of the amount of electrical energy stored in a material by an applied voltage relative to that stored in a vacuum) (Figure [1](#fig1){ref-type="fig"}D); and refractive indexes (the velocity of light in a solvent compared to that in a vacuum) (Figure [1](#fig1){ref-type="fig"}E).

Partition Coefficients and Henry's Law Constants {#sec3.3}
------------------------------------------------

Determining how a pure substance distributes itself between two partially miscible solvents, such as 1-octanol and water, which are in intimate contact is the basis of the partition coefficient parameter, log *P* (eq [1](#eq1){ref-type="disp-formula"}).^[@ref28]^Here, *X* is the mole fraction of the solvent in each phase. Figure [1](#fig1){ref-type="fig"}A illustrates that elevated CGCs occur in solvents with intermediate values of *P* (∼10^2.5^),^[@ref29]^ while the ability to self-assemble is not restricted to any region of *P* (i.e., clear gels form in low-polarity solvents and opaque gels are observed in high-polarity solvents). CGC is a widely used parameter in assessing the role of solvent in the mechanism of self-assembly due to its wide variability and ease of measurement. Although gel opacity and CGC seem to correlate with the solvent partition coefficients, the ability to differentiate solvents capable of promoting self-assembly or that facilitate solvation do not have a clear relationship.

Henry's law constants (HLCs) are limiting Gibbs energy quantities and they are influenced by the same factors associated with the log *P* constants.^[@ref28]^ Instead of measuring the partitioning between two liquid phases, HLCs measure the volatility of compounds or the water-to-air partition, which are a function of the intermolecular interactions between solvent molecules.^[@ref30]^ Although HLCs can be represented in numerous formats, the air-to-water ratio on a mole or weight per unit volume basis is used for the purpose of this study and results in a unitless mass distribution (eq [2](#eq2){ref-type="disp-formula"}).*C*~*i*,*G*~ is the concentration of the solvent on a mass per unit volume basis, and G and L denote the gas and liquid phases, respectively.^[@ref30]^ As expected, the trends observed for HLCs^[@ref29]^ (Figure [1](#fig1){ref-type="fig"}B) are similar those observed for the partitioning coefficients (Figure [1](#fig1){ref-type="fig"}A).

### Dipole Moments {#sec3.3.1}

Even though they vary with temperature and molecular conformation,^[@ref10]^ dipole moments were roughly able to differentiate solvents that yield opaque and clear gels as well as those that led to solutions (Figure [1](#fig1){ref-type="fig"}C). However, this parameter did not unambiguously classify the gels. The dipole moments of three short-chained nitriles examined (acetonitrile, propanenitrile, and butanenitrile) resided at the interface between the regions of clear gel and solution phases. Upon careful inspection, it was found that the DBS samples in these nitriles contain regions that were transparent with opaque clusters. Also, the dipole moments of all of the solvents which formed clear gels with DBS and had a CGC higher than 2 wt % reside between 3*D* and 4*D*; the dipole moments of most of the solvents that formed solutions with DBS were \>4*D*.

### Static Relative Permittivities {#sec3.3.2}

Dielectric constants^[@ref10]^ have been used routinely to assess how physical properties of molecular gels change as a function of solvent properties.^[@ref12],[@ref15]^ These studies illustrate that within a class of solvents which have the same functional groups (e.g., alcohols of differing alkyl chain length) the physical properties (i.e., sol--gel transition temperature^[@ref15]^ or CGC^[@ref12]^) correlate in a linear fashion with the dielectric constant. However, no correlations were found here between the dielectric constants of solvents and the physical properties of their DBS gels or the ability of the solvents to form a gel (Figure [1](#fig1){ref-type="fig"}D). The lack of correlations here is not surprising because it has been established that dielectric constants are an incomplete measure of solvent polarity.^[@ref31]^ Although, as noted above, simple assessments of polarity seem to aid in understanding the differences between the opacity and transparency of molecular gels (i.e., more polar solvents produced transparent DBS gels), they do not provide deep insights into why SAFiNs are formed in some solvents and not in others.

### Refractive Index {#sec3.3.3}

The refractive index, *n*, of a solvent is utilized to calculate its molar polarization, *P*~m~, by the Lorenz--Lorentz equation (eq [3](#eq3){ref-type="disp-formula"}):Both the refractive index and the molar polarization of a solvent are dependent on its polarizability and molar mass. Neither parameter seems to be critical in dictating the gelation behavior of DBS (Figure [1](#fig1){ref-type="fig"}E,F). This finding is consistent with the aforementioned observations employing static relative permittivities, which scale in a nonexponential fashion with the refractive index (eq [4](#eq4){ref-type="disp-formula"}).

![Critical gelator concentrations (CGCs) of DBS in various organic solvents versus octanol--water partition coefficients (A),^[@ref10]^ Henry's law constants (B),^[@ref30]^ dipole moments (C),^[@ref10]^ static relative permittivities (D),^[@ref10]^ refractive indexes (RI) (E),^[@ref32]^ and the molar polarization (*P*~m~) (F) of the solvents.](la-2014-008389_0001){#fig1}

### Conclusions about Gel Properties from Bulk Physical Properties of the Solvents {#sec3.3.4}

It has been argued previously that macroscopic properties such as the refractive index and static relative permittivities are not suitable measures of molecular--microscopic interactions.^[@ref33]^ Considering a solvent to be a macroscopic continuum, characterized by a single physical constant (e.g., dipole moment, dielectric constant, refractive index, etc.) is insufficient to predict gelation behavior. Parameters that are capable of predicting gelation must consider the solvent to be a discontinuous phase consisting of individual, mutually interacting molecules. In this regard, the limitations to physical measures of polarity have been shown experimentally: in general, the static relative permittivity, in the vicinity of a solute, is lower than that of the bulk because solvent dipoles in the solvation shell are more constrained.^[@ref33]^ These discrepancies have led to the development of spectroscopic measures of solvent polarity that are sensitive to specific solvent--solute microscopic interactions and thus are more likely to correlate with different aspects of self-assembly in molecular gels.

Solvatochromic Solvent Parameters {#sec3.4}
---------------------------------

The aforementioned electrostatic models involving dielectric constants, dipole moments, and so forth consider solvents simplistically as nonstructured homogeneous fluids having uniform macroscopic properties. They do not consider microscopic inhomogeneities and specific intermolecular interactions.^[@ref34]^ To understand the nature of SAFiN formation, solute--solvent interactions, which occur on the molecular-to-microscopic levels and involve solvation shells, must be considered.^[@ref34]^ The electrostatic models do not account for acid--base interactions, donor--acceptor complexation, or the strengths of Keesom, Debye, and London dispersion forces.

However, solvatochromic parameters assess the polarity using solvent-sensitive compounds that absorb and/or emit radiation. The absorption spectra of such compounds are sensitive to their environments, and the degree to which their spectral characteristics change is associated with the nature of the local solvation shell.^[@ref4]^

### *E*~T~(30) Scale {#sec3.4.1}

Reichardt's *E*~T~(30) parameter utilizes the overall solvation capability of reporter moleculess in both their electronic ground and excited states to define solvent polarity.^[@ref31]^*E*~T~(30) parameters account for all possible (specific and nonspecific) intermolecular forces between solvent and solute molecules (i.e., Coulomb interactions present between ions, directional interactions between dipoles, and inductive, dispersion, hydrogen-bonding, and charge-transfer forces as well as solvatophobic interactions) without separating them into their components.^[@ref9]^ One major limitation of the *E*~T~(30) scale is its inapplicability to systems that undergo chemical reactions, such as condensations or hydrolyses.^[@ref9]^ To overcome the nonspecific nature of the aforementioned methods, the molar electronic transition energies of negatively charged solvatochromic dye pyridinum (2,6-diphenyl-4-(2,4,6-triphenylpyridinium-1-yl)phenolate) (Figure [2](#fig2){ref-type="fig"}A), expressed as (*E*~T~(30), eqs [5](#eq5){ref-type="disp-formula"}--[7](#eq7){ref-type="disp-formula"}), have been used as a probe of solvent polarity properties (Figure [2](#fig2){ref-type="fig"}B) (eqs [5](#eq5){ref-type="disp-formula"}--[7](#eq7){ref-type="disp-formula"}):^[@ref35]^Here, *v*~max~ is the wavenumber and λ~max~ is the wavelength of the intensity maximum of the longest-wavelength absorption band of the dye, an intramolecular π--π change-transfer transition.^[@ref34]^ This scale is often converted to a dimensionless value using the molar electronic transition energy of two reference solvents, water (*E*~T~^*n*^ = 1) and tetramethylsilane (TMS) (*E*~T~^*n*^ = 0) (eq [8](#eq8){ref-type="disp-formula"}).

*E*~T~^*n*^(30) values cannot always be determined for low-polarity solvents, such as alkanes, due to the poor solubility of betaine dyes in them. Interestingly, the *E*~T~(30) and *E*~T~^*n*^ parameters are ineffective at predicating DBS gel formation (Figure [2](#fig2){ref-type="fig"}C,D), suggesting that the self-assembly of these molecular gels is not dependent solely on solvent polarizability, irrespective of whether polarity is measured using microscopic- or macroscopic-sensitive methods. *E*~T~(30) is interpreted to be a measure of the overall solvating capacity of the solvent, accounting for all nonspecific and specific intermolecular solute--solvent interactions. In addition, the molecular self-recognition between DBS molecules that drives self-assembly and is time-dependent must influence solvent--solute interactions. The manner in which a solvent interacts in the various stages of DBS (or any other molecular gelator) aggregation, along the path to SAFiN formation, may change.

![Chemical structure and ground-state properties of 2,6-diphenyl-4-(2,4,6-triphenylpyridinium-1-yl)phenolate (A), and the influence of solvent polarity on its intramolecular charge-transfer transition with the electronic transition energies (B), adapted from Reichardt.^[@ref34]^ CGCs as a function of both *E*~T~(30) (C) and *E*~T~^*n*^ (D) parameters. Solutions are assigned a CGC of 5 for graphical representation.](la-2014-008389_0002){#fig2}

### Kamlet--Taft Parameters {#sec3.4.2}

Kamlet--Taft parameters are an extension of the *E*~T~(30) parameter. They utilize a series of probes which undergo solvatochromic shifts sensitive to different aspects of solvent polarity and solvent--solute interactions. The advantage of Kamlet--Taft parameters is that they dissect solvent polarity into general and specific interactions.^[@ref36]−[@ref38]^ General interactions (expressed by the dipolarity/polarizability parameter, π) originate from electrostatic and dispersive interactions, related conceptually to reaction field theories.^[@ref4],[@ref39]−[@ref41]^ The specific interactions include hydrogen-bond donating (the acidity parameter, α) and hydrogen-bond accepting (the basicity parameter, β) terms.^[@ref4],[@ref39]−[@ref41]^ These parameters were first applied to molecular gels with [l]{.smallcaps}-lysine *bis*-urea gelators, where it was found that the α parameter was of primary importance and its magnitude could be correlated with the ability of the gelator to establish a hydrogen-bonded network.^[@ref41]^ The β and π parameters participated in subsidiary roles: the magnitude of β affected the stability of the gel, and π indicated the influence of fiber--fiber interactions.^[@ref41]^

### Dipolarity/Polarizability Parameter {#sec3.4.3}

The dipolarity/polarizability π parameter is a combined measure of solvent polarity and polarizability or the nonspecific portion of the van der Waals interactions between the solvent and solute. It is obtained using the spectra of either *p*-nitroanisole or **N*,*N**-dimethyl-*p*-nitroaniline (NNDN) (Figure [3](#fig3){ref-type="fig"}A) according to eq [9](#eq9){ref-type="disp-formula"}:^[@ref39]^ν is the frequency maximum of the NNDN UV--vis absorption band (cm^--1^), and the constants (cm^--1^) arise from the normalization of the π parameter between 0.0 for cyclohexane and 1.0 for DMSO.^[@ref36]^ Competing intermolecular forces establish the conformation of NNDN, where steric repulsion favors nonplanar conformations (Figure [3](#fig3){ref-type="fig"}A left) and resonance structures favor a planar conformation (Figure [3](#fig3){ref-type="fig"}A right).^[@ref36]^ Changes in spectral features arise because of solvent-induced changes in the angles of nonplanarity: more-polar solvents stabilize the charge-separated, quinoid (planar) resonance structure better (Figure [3](#fig3){ref-type="fig"}A right).^[@ref36]^ Similar to other measures of solvent polarity (i.e., *E*~T~(30), log *P*, HLCs, and *D* and ε values), the π parameter was unable to distinguish solutions from clear molecular gels of DBS (Figure [3](#fig3){ref-type="fig"}D). However, it did show a stark difference between opaque gels, found in low-polarity solvents, and clear gels that form in high-polarity solvents. The advantage of the π scale is that it accounts for the type of molecular polarization that occurs during the 1D assembly of DBS molecules. Polarization occurs whether DBS forms intermolecular or intramolecular H-bonds.

![Kamlet--Taft solvatochromic parameters, including the dipolarity/polarizability (π parameter) using **N**,-dimethyl-*p*-nitroaniline (A), the basicity or hydrogen-bond-accepting parameter using *p*-nitroaniline (β parameter) (B), and the acidity or hydrogen-bond-donating parameter (α parameter) using the Dimroth--Reichardt betaine dye (C). Kamlet--Taft solvatochromic parameters π (D), β (E), and α (F) as a function of the CGCs. Solutions are assigned a CGC of 5 for graphical representation.](la-2014-008389_0003){#fig3}

### Solvent Basicity Scale {#sec3.4.4}

The β parameter is specific to solute--solvent interactions, where the solute plays the role of an electron-pair acceptor and the solvent is an electron-pair donor.^[@ref4]^ It is determined using the difference in the wavenumbers of the intensity maximum of the absorption bands between *p*-nitrophenol (ν~2~) and the non-hydrogen-bond-accepting molecule, NNDN (ν~1~) (eq [10](#eq10){ref-type="disp-formula"}).^[@ref39]^The constants (in cm^--1^) arise from a standardized value of 1 for hexamethylphosphoramide.^[@ref39]^ If a solvent acts as a hydrogen-bond acceptor, then the electronic transition from a hydrogen-bonded ground state (Figure [3](#fig3){ref-type="fig"}B left) to an excited state (Figure [3](#fig3){ref-type="fig"}B right) increases the strength of the hydrogen bond in the excited state and lowers the transition energy.^[@ref37]^ The β value seems to be an extremely important parameter in predicting the gelation of DBS (Figure [3](#fig3){ref-type="fig"}D): DBS formed solutions in solvents with β values of between 0.5 and 0.8 and clear gels in the ranges of 0.4 \< β \< 0.5 and β \> 0.7. When the β parameter is less than 0.4, opaque gels result without exception. There is extremely little overlap of regions of the different DBS phases, suggesting that the ability of the solvent to accept a hydrogen bond is a central property in dictating the microstructure and ability of DBS to form gels.

### Solvent Acidity Scale {#sec3.4.5}

Equal in importance to hydrogen-bond acceptance in predicting the ability of DBS to self-assemble into a SAFiN is hydrogen-bond donation, as measured by the α parameter. The α parameter is determined by the difference in the wavenumbers for the maximum intensities of the absorption bands for the Dimroth--Reichardt betaine dye (ν~3~) (Figure [3](#fig3){ref-type="fig"}C) and NNDN (ν~1~) (Figure [3](#fig3){ref-type="fig"}C) (eq [11](#eq11){ref-type="disp-formula"}).The constants (in cm^--1^) are based upon a standardized value of 1 for methanol.^[@ref38]^ The α parameter arises from the negative solvatochromitic shift due to the charge delocalization from the phenoxide oxygen into the pyridinium ring and the phenyl groups (Figure [3](#fig3){ref-type="fig"}C).^[@ref38]^ Our results indicate that the inability to donate a hydrogen bond strongly impedes SAFiN formation of DBS in clear organogels (Figure [3](#fig3){ref-type="fig"}F). When a solvent cannot donate a hydrogen bond (i.e., α = 0.0), DBS forms either a solution or an opaque gel. The same conclusion was reached for [l]{.smallcaps}-lysine *bis*-urea gels.^[@ref41]^ Clear molecular gels resulted when α was ≳0.

### Catalan's Solvent Scales {#sec3.4.6}

Catalan et al. utilized solvatochromic techniques similar to those used for Dimroth and Reichardt's *E*~T~(30) and Kamlet--Taft's α, β, and parameters.^[@ref42]−[@ref44]^ The difference between Catalan's and Kamlet--Taft's parameters is that they utilize different series of probe and homomorph molecules. Each pair of probes is used to determine the solvent dipolarity/polarizability (SPP), solvent acidity (SA), and solvent basicity (SB).

### SPP Parameter {#sec3.4.7}

SPP is determined using the long-wavelength absorption of 2-(dimethylamino)-7-nitrofluorene (DMANF) and its homomorph, 2-fluoro-7-nitrofluorene (FNF).^[@ref42]^ DMANF is a probe of dipolarity/polarizability because its absorption and emission spectra are sensitive to solvent polarity as a result of an increase in its diipole moment when going from the ground to the excited state (Figure [4](#fig4){ref-type="fig"}A).^[@ref42]^ Homomoph FNF has a similar structure (i.e., with a nitro group at position 7 and an electron-releasing group at position 2) but a much lower dipole moment in the ground state as a result of replacing the strongly electron-donating dimethylamino group of DMANF with a strongly electron-withdrawing fluorine atom (Figure [4](#fig4){ref-type="fig"}A). Using the difference between the maxima of the lowest-energy absorption bands for DMANF and FNF (*Δν*), SPP is determined for a solvent using the values in DMSO and cyclohexane as references (eq [12](#eq12){ref-type="disp-formula"}).According to the SPP values, DBS tends to cluster the solvents that form solutions, clear gels, and opaque gels (Figure [4](#fig4){ref-type="fig"}D). Similar to the observations from the *E*~T~(30) parameter (Figure [2](#fig2){ref-type="fig"}C,D) and Kamlet--Taft's π parameter (Figure [3](#fig3){ref-type="fig"}D), solutions formed in the highest polarity/polarizability solvents and opaque gels occurred in the lowest-polarity solvents. Solvent polarity will affect the chemical potential difference between the solvent and initially formed DBS crystals. If the chemical potential difference between a solvent and DBS is high, then the interfacial free energy will also be elevated, causing a higher driving force for phase separation between the two phases and resulting in thicker bundles of fibers (i.e., opaque gels). Conversely, if the chemical potential difference is extremely low, then DBS will remain in solution; at intermediate differences in chemical potential, DBS will phase-separate into SAFiNs. However, the interfacial free energy will be lower, allowing DBS to form clear gels composed of small fibers with extremely high interfacial areas. From the data obtained, DBS appears to have a π parameter value of close to 1, where the solvents that form DBS sols reside.

The turbidity or transparency of an organogel has been correlated with the cross-sectional thickness of the crystalline aggregates, the number of junction zones capable of diffracting light, and the number of crystalline aggregates within the SAFiN.^[@ref21]^ The solvent--gelator interactions weaken gelator--gelator intermolecular hydrogen-bonding interactions, resulting in thicker crystalline fibers, and as the strength of the solvent--gelator interactions increases further, they will eventually impede the gelator--gelator interactions completely and facilitate dissolution.^[@ref18]^ Also, there was no overlap between the regions in the SPP parameter map for the different gel and solution phases. As found previously,^[@ref22]^ the opaque gels, with thicker fibers, were found in the lower-polarity solvents.

### SB Parameter {#sec3.4.8}

The SB parameter of Catalan et al. is determined using acidic probe molecule 5-nitroindoline (NI) and its nonacidic homomorph 1-methyl-5-nitroindoline (MNI) (Figure [4](#fig4){ref-type="fig"}B).^[@ref43]^ NI is acidic in its electronic ground state, and its acidity increases in its excited singlet state. As a result, its absorption maximum is bathochromically shifted in basic media.^[@ref43]^ The selected homomorph, MNI, has a structure similar to that of MNI, but it lacks the amino group. Then, the SB parameter for a solvent is determined by eq [13](#eq13){ref-type="disp-formula"}.Here, Δν~(solvent)~ is the difference between the maxima of the lowest-energy absorption bands between 350 and 400 nm for NI and MNI, Δν~(TMG)~ is the difference between the lowest-energy absorption bands for NI and MNI in tetramethylguanidine (TMG), and Δν~(gas)~ is the lowest-energy absorption band in a series of *n*-alkanes and in extrapolating the Lorenz--Lorentz function (*f* (*n*^2^) =)(*n*^2^ −1)/(*n*^2^ +1) to *n* = 0^[@ref42],[@ref45]^ (because the probe and homomorph have not been measured directly in the gas phase). Similar to the Kamlet--Taft β parameter, the SB parameter shows an intermediate region of solvents that formed solutions with DBS (0.6 \< SB \< 0.8) (Figure [6](#fig6){ref-type="fig"}E). The solution phase is flanked on either side by DBS/solvent systems that formed clear gels (0.2 \< SB \< 0.6 and 0.8 \< SB \< 1.0). When SB \< 0.2, opaque gels resulted.

### SA Parameter {#sec3.4.9}

The SA parameter is measured using a basic probe (*o*-*tert*-butylstilbazolium betaine, TBSB) and its nonbasic homomorph (*o*,*o*-di-*tert*-butylstilbazolium betaine, DTBSB) (Figure [4](#fig4){ref-type="fig"}C). The SA scale is set at 0.2 for ethanol (eq [14](#eq14){ref-type="disp-formula"}).At the other extreme of the scale are solvents that are non-hydrogen-bonding. Catalan et al. utilized ∼50 solvents to determine an average value, which is the zero reference point used to derive the constants (in cm^--1^). Applications of the Catalan SB parameter (Figure [4](#fig4){ref-type="fig"}F) and the Kamlet--Taft α parameter (Figure [3](#fig3){ref-type="fig"}F) lead to very similar results: the opaque DBS gels and DBS solutions occurred essentially at SA \< 0.1; clear gels formed when SA is \>1.

### Conclusions from Application of the Solvatochromic Parameters {#sec3.4.10}

The data from the application of these solvatochromatic parameters indicate that, although solvent polarity is important, specific interactions determine the likelihood of gel formation. Also, a new important insight into the manner of aggregation of DBS is derived from these analyses: clear gels are formed in solvents unable to accept a hydrogen bond and solutions or opaque gels form in solvents that can.

![Catalan's solvatochromic parameters, including the solvent polarity scale (SPP parameter) using 2-(dimethylamino)-7-nitrofluorene (DMANF) and its homomorph, 2-fluoro-7-nitrofluorene (FNF) (A); the basicity or hydrogen-bond-accepting parameter using 5-nitroindoline (NI) and the acidic probe and its nonacidic homomorph, 1-methyl-5-nitroindoline (MNI) (SB parameter) (B); and the acidity or hydrogen-bond-donating parameter (SA parameter) using the *o*-*tert*-butylstilbazolium betaine dye (TBSB) and its nonbasic homomorph, *o*,*o*′-di-*tert*-butylstilbazolium betaine dye (DTBSB) (C). Catalan's solvatochromic parameters, SPP (D), SB (E), and SA (F), as a function of the CGCs. Solutions are assigned a CGC of 5 for graphical representation.](la-2014-008389_0004){#fig4}

### Thermodynamically Derived Solvent Parameters {#sec3.4.11}

The influence of a solvent on a chemical equilibrium is determined by the standard molar Gibbs energy of solvation for solutes. Thermodynamically, either or both of the components of the molar Gibbs energy of mixing *Δ*G**~m~ and the enthalpy *Δ*H**~m~ or entropy term *TΔ*S**~m~ (or both) can be used to define the parameters for solvation.

### Hildebrand Solubility Parameters {#sec3.4.12}

For polymer dissolution, enthalpy is the controlling factor in the Gibbs free energy change because only minor increases in entropy occur usually. Thus, the Hildebrand solubility parameter, as proposed in two seminal papers by Hildebrand and Scott^[@ref46]^ and Scatchard,^[@ref47]^ relies solely on enthalpy (eq [16](#eq16){ref-type="disp-formula"}). However, this assumption is probably not applicable to the aggregation and crystallization of small molecules such as DBS or to their self-assembly into SAFiNs because a significant change in the entropy of mixing is expected. Despite this caveat, we were interested to determine the relationship between DBS gelation and *Δ*H**~m~ as defined in eq [15](#eq15){ref-type="disp-formula"}.

![CGCs as a function of the (A) Hildebrand solubility parameter (δ~*i*~) or the total Hansen solubility parameter (δ~T~), (B) dispersive Hansen solubility parameter (δ~d~), and (C) polar Hansen solubility parameter (δ~p~) and (D) hydrogen-bonding Hansen solubility parameter (δ~h~). (E) Teas plot of calculated solubility parameters for the CGC of DBS in solvents. Black circles represent solvents that formed opaque gels, gray circles are solvents that formed clear gels, and blue circles are for DBS solutions. Solutions are assigned a CGC of 5 for graphical representation.](la-2014-008389_0005){#fig5}

Here, *V* is the mixture volume, Δ*E*~*i*~^v^ is the energy of vaporization, *V*~*i*~ is the molar volume, and ϕ~*i*~ is the volume fraction of component *i*. Under conditions of isothermal vaporization of the saturated liquid, the cohesive energy density (Δ*E*~*i*~^v^) is the negative of the energy of vaporization per cm^3^ of sample, corresponding to Hildebrand parameter δ~*i*~ (eq [16](#eq16){ref-type="disp-formula"}).^[@ref48]^A correlation between the cohesive energy density (or the potential energy per unit volume) and mutual solubility is assumed.^[@ref49]^ In a condensed phase, strong attractive forces provide a negative potential energy; in the vapor phase, there is a negative cohesive energy.^[@ref49]^ On the molecular level, the cohesive energy is a combination of the dispersion forces and polar interactions (including hydrogen bonding). The magnitudes of cohesive energy densities have been shown to be important determinants of whether a solvent will or will not promote the self-assembly of amphiphiles. The cohesive energy densities reflect the ability of a solvent to solubilize an amphiphile. They are related to the extent of intermolecular forces required to overcome solvent--solvent interactions and, as such, are thought to be a requirement for promoting amphiphile self-assembly.^[@ref50]^

However, we find no apparent correlation between the CGCs of the gel phases of the DBS--solvent mixtures and Hildebrand solubility parameters (Figure [5](#fig5){ref-type="fig"}A). A similar finding has been reported for 12HSA--solvent mixtures.^[@ref12]^ As noted above, the lack of correlations may be traced to the exclusion of entropic factors; this treatment was not designed to describe gelation/aggregation phenomena of small molecules.

### Hansen Solubility Parameters {#sec3.4.13}

Major limitations of the one-component Hildebrand solubility parameter (N.B., it should be applied only to regular solutions, and it does not include molecular polarity or specific interactions^[@ref49]^) are overcome by the multiparameter solubility term developed by Hansen.^[@ref63]^ In it, the Hildebrand parameter is separated into an atomic dispersion force, a molecular permanent dipole--dipole force, and molecular hydrogen bonding (electron-exchange) parts.^[@ref19],[@ref20],[@ref48]^ The geometric mean of the three interaction parameters for two compounds is an estimate of the interaction between two unlike compounds in solution.^[@ref51]^ In this way, the total energy of vaporization for a liquid can be considered to consist of the three parameters mentioned above.

The dispersive interactions arise from atomic forces, typically dominated by London dispersion forces and van der Waals interactions. For saturated aliphatic hydrocarbons, the energy of vaporization is composed of only cohesive interactions (*E*~d~). The second part of the cohesion energy arises from permanent dipole--dipole interactions (i.e., the polar cohesive energy (*E*~p~)). For example, because saturated fatty acids have both polar and dispersive components, both types of energies must be considered and calculated to describe how their molecules interact. The third major cohesive energy component is the hydrogen-bonding parameter (*E*~h~). In this simplified approach, hydrogen bonding is used to express the energies from interactions not included in the other two parameters.^[@ref20]^ Equation [17](#eq17){ref-type="disp-formula"} shows the form of the HSPs as the sum of the individual total cohesion energy terms, *E*:^[@ref20]^

Under conditions of isothermal vaporization of a saturated liquid, the cohesive energy density is the energy of vaporization per cm^3^, corresponding to the Hildebrand parameter. Dividing eq [18](#eq18){ref-type="disp-formula"} by the molar volume (*V*) gives eq [18](#eq18){ref-type="disp-formula"} and the square of the total (or Hildebrand) solubility parameter (δ~*i*~) as the sum of the squares of the HSP d, p, and h components (eq [19](#eq19){ref-type="disp-formula"}).

Applying HSPs to evaluate solution properties is well established.^[@ref6],[@ref11],[@ref12],[@ref14],[@ref52]^ Also, HSPs have been used to predict the solution behavior of numerous nanoscale objects such as fullerene,^[@ref53]^ carbon nanotubes,^[@ref54]^ graphene,^[@ref55]^ and biomimetic liquid-crystal hydrogels.^[@ref56]^

Recently, HSPs were applied by Raynal and Bouteiller^[@ref6]^ to evaluate the behavior of molecular gels using a meta analysis. It revealed that solvents gelated by one gelator had, with few exceptions, similar HSPs.^[@ref6]^ HSPs appear to be an extremely promising tool for analyzing and understanding the factors responsible for the various phases found when a potential gelator and solvent are mixed.^[@ref7],[@ref8],[@ref11],[@ref12],[@ref14],[@ref19],[@ref57]−[@ref59]^ They have been the basis recently for discoveries pertaining to methods for producing molecular gels from insoluble mixtures^[@ref58]^ and understanding the dynamics of gel formation.^[@ref52]^

Here, we find that the CGCs of the DBS samples can be correlated with only some of the HSP components (Figure [5](#fig5){ref-type="fig"}B--D). Neither the dispersive nor the polar HSP component is able to predict the gelation ability of DBS in the various solvents investigated (Figure [5](#fig5){ref-type="fig"}B,C). Similar absences of correlation have been reported for solvent mixtures of 12HSA^[@ref12]^ and of a series of pyrenyl-linker-glucono gelators.^[@ref58]^ However, Gao et al.^[@ref12]^ and Yan et al.^[@ref58]^ have shown distinct relationships between δ~h~ and both gelating capacities and CGCs. For 12HSA, clear organogels were reported to form at δ~h~ \< 4.7 MPa^0.5^, opaque organogels between 4.7 \< δ~h~ \< 5.1 MPa^0.5^, and solutions when δ~h~ \> 5.1 MPa^0.5^.^[@ref12]^ As the CGCs of pyrenyl-linker-glucono gelators increased, so did the δ~h~ values until SAFiN formation was completely inhibited.

However, unlike the cases with 12HSA and pyrenyl-linker-glucono gelators, solutions of DBS occur at intermediate δ~h~ values: 5.0 \< δ~h~ \< 10.0 MPa^0.5^ (Figure [5](#fig5){ref-type="fig"}D). The CGCs of DBS mixtures are significantly higher at (and increase between) δ~h~ values for the solvent from 5 to 10 MPa^0.5^ compared to the CGCs for δ~h~ \>12 MPa^0.5^. Also, when δ~h~ \> 10 MPa^0.5^, clear gels formed, and when δ~h~ \< 5 MPa^0.5^, opaque gels resulted. The HSPs aid in understanding which solvents are gelated by DBS and which are not, as well as providing an understanding into why physical aspects of the gels change in different solvents.^[@ref11]−[@ref14]^

It was expected that the polar component δ~p~ would not correlate with the gelation phenomenon because it is related to the index of refraction, dielectric constant, and dipole moment (eq [20](#eq20){ref-type="disp-formula"}), none of which show correlations with the assembly of DBS molecules:^[@ref60]^*V* is the molar volume, ε is the dielectric constant, μ is the dipole moment, and *n*~D~ is the index of refraction.

### Triangular Representation of Hansen Solubility Parameters {#sec3.4.14}

In order to assess better the effect of solvent composition on gelation capacity, Teas diagrams have been used to plot the three HSP parameters (Figure [5](#fig5){ref-type="fig"}E). Teas diagrams employ fractional cohesive energy densities to be distributed more evenly over a triangular chart. In this approach, individual HSPs are converted to an average value by dividing each parameter by their sum (eqs [21](#eq21){ref-type="disp-formula"}--[23](#eq23){ref-type="disp-formula"}) and Ξ is the fraction of the individual HSP components.The Teas plot in Figure [5](#fig5){ref-type="fig"}C shows a clustering of solvents capable of gelating and another region that remains as solutions. Although Teas plots are useful for detecting general trends, there is no theoretical foundation for calculating the fractions, which assume, incorrectly, that all solvents have the same Hildebrand or total HSP value.^[@ref61]^ Despite this shortcoming, useful information can be derived from Teas plots. In polymer physics, solvents which tend to solubilize a compound of interest cluster in a specific region, the solubility window, on a Teas plot.^[@ref20]^ Although the solubility window for DBS is relatively small, all of the relevant solvents are contained within the lower-right portion of the Teas plot in Figure [5](#fig5){ref-type="fig"}C. Because the DBS solutions fall within the solubility window, it is possible that the clear and opaque gels also may cluster in Hansen space.

### Hansen Space {#sec3.4.15}

The data sets, categorized based on their solubility as solutions, clear gels, and opaque gels, were used to calculate minimal enclosing spheres that contain all points within each category. This estimation was performed using a constrained optimization procedure programmed in Mathematica 9 (Wolfram Research, Champaign IL). The optimization routine uses the NMinimize function to obtain the location of the center of the sphere in terms of values of the dispersive (δ~d~), polar (δ~p~), and hydrogen-bonding (δ~h~) interactions while solving for the smallest possible radius. Using the minimal enclosing spheres, the regions of Hansen spaces were clearly defined (Figure [6](#fig6){ref-type="fig"}). From these spheres, the center and radius of each sphere were determined (Table [1](#tbl1){ref-type="other"}). The NMinimize function was set to implement the differential evolution optimization method, a robust simple stochastic function minimizer, to reach a numerical global optimum solution.^[@ref62]^ Due to the nature of a global optimum solution, no goodness of fit exists. Therefore, four effective digits of precision were sought in the final results; these criteria were used to halt the iteration process.^[@ref62]^ Obviously, the sizes of the spheres are dependent on the range of solvents chosen. For this reason, it is difficult to determine the exact location/size of the Hansen spheres corresponding to the clear and opaque gels, and important insights are difficult to extract. It is clear that there is excellent confinement of the solutions within the solubility sphere; it effectively excludes the solvents that are gelated ([Supporting Information](#notes-1){ref-type="notes"}, Figure S5). Similarly, the opaque gel sphere limits the inclusion of solutions but not clear gels, indicating again the importance of directionality in Hansen space and distance. However, the solvents selected suggest that the spheres are not concentric. Instead, the solution sphere resides on the inside edge of the sphere representing the opaque gels, and both reside inside the clear gel sphere. In fact, the definition of sphere radii should be based on data sets for which points occur within each sector of the sphere; that is not the case in the examples of Figure [6](#fig6){ref-type="fig"}.

![Two-dimensional projections (A--C) and a 3D rendering (D) of the Hansen space using minimal enclosing spheres and the appearance at the CGC. The blue sphere encloses DBS solutions, the green sphere encloses opaque gels, and the red sphere encloses clear gels.](la-2014-008389_0006){#fig6}

One important commonly made assumption is that the center of the solution sphere is the HSP of the gelator, DBS in this case. If the coordinates of the solution center are employed, the HSPs for DBS are δ~d~ = 18.30 MPa^0.5^, δ~p~ = 14.10 MPa^0.5^, and δ~h~ = 9.33 MPa^0.5^. Recently, the HSPs for DBS, calculated using a group contribution method, were reported to be δ~d~ = 15.89 MPa^0.5^, δ~p~ = 3.87 MPa^0.5^, and δ~h~ = 18.27 MPa^0.5^.^[@ref22]^ To utilize the group contribution method, several assumptions must be made, including the fact that the different functional groups that affect the energy of vaporization are additive (i.e., they operate independently). However, it has been shown for complex molecules that this is seldom the case.^[@ref48]^ The HSPs for DBS (δ~d~ = 17.6 MPa^0.5^, δ~p~ = 8.3 MPa^0.5^, and δ~h~ = 10.1 MPa^0.5^), determined using the Y-MB scheme provided in Hansen's HSPiP software^[@ref63]^ corresponded much better to the center of the DBS solution sphere.^[@ref64]^ The Y-MB scheme breaks molecules into their functional groups and estimates various properties. Using the center of the DBS solution sphere (*i*) as the HSP for DBS, the Hansen distances *R*~*ij*~ between DBS and each of the solvents (*j*) were calculated (eq [24](#eq24){ref-type="disp-formula"}).

If the HSPs of the solvents and DBS are close (i.e., *R*~*ij*~ \< 8.0 MPa^0.5^) (Figure [7](#fig7){ref-type="fig"}A), then a solution will form upon mixing the two. At *R*~*ij*~ \> 8.0 MPa^0.5^, there was no correlation between the distance in Hansen space and the likelihood of forming a clear or opaque gel. This suggests that the magnitude of the vector between the HSP of a solvent and of DBS alone does not accurately predict the interactions driving self-assembly. The question arises, then, as to whether the direction of the *R*~*ij*~ vector is also a factor influencing the predictability of the gel state. In an attempt to gain a better understanding of these factors, the *R*~*ij*~ vector was dissected to assess the distance between DBS (i.e., center of the solution sphere (Figure [6](#fig6){ref-type="fig"})) and each solvent (eqs [25](#eq25){ref-type="disp-formula"}--[27](#eq27){ref-type="disp-formula"})).Δ2δ~d~ is the magnitude difference between the dispersive components of the HSP for a solvent (*j*) and the gelator (*i*); a multiple of 2 is used for consistency between Hansen space and distance calculations. Δδ~p~ is the magnitude difference between the polar components, and Δδ~h~ is the magnitude difference of the hydrogen-bonding component of the HSPs.

By observing the effect of only two of the three parameters simultaneously, several important trends become obvious (Figure [7](#fig7){ref-type="fig"}B--D). First, solvents in which DBS formed solutions are closest to the (0, 0) axis in each plot (Figure [7](#fig7){ref-type="fig"}B--D). By dissecting the role of Δδ~p~ and Δ2δ~d~ only, it appears that clear organogels are more likely to occur at intermediate distances from the HSP of DBS, and opaque gels occur within a radius farther from the HSP center of DBS (Figure [7](#fig7){ref-type="fig"}B). However, this combination does not include the δ~h~ parameter of the gelator. When the roles of Δδ~h~ and Δ2δ~d~ of the solvents are observed, while ignoring the influence of δ~p~, an interesting trend emerges (Figure [7](#fig7){ref-type="fig"}C). Opaque gels tend to form in solvents when Δδ~h~ \> 0 (i.e., when δ~h~ for the solvent is less than that of DBS). Conversely, clear DBS gels form in solvents when Δδ~h~ \< 0 (i.e., when δ~h~ for the solvent is higher than that of DBS). This insight allows a more accurate prediction of when an untested solvent will (and will not) provide the desired molecular gel characteristics. These trends are observed also when combining Δδ~h~ and Δδ~p~ (while ignoring Δ2δ~d~), although in this case there is a slight overlap (or transition) between the two phases in the region, 2.0 \< Δδ~h~ \< −1.0 MPa^0.5^ (Figure [7](#fig7){ref-type="fig"}D).

###### Coordinates for the Center of Each Sphere in Hansen Space and the Radius for Each Sphere

                 2δ~d~ (MPa^0.5^)   δ~p~ (MPa^0.5^)   δ~h~ (MPa^0.5^)   radius (MPa^0.5^)
  ------------- ------------------ ----------------- ----------------- -------------------
  opaque gels          30.7               5.5              13.0               14.2
  clear gels           33.4               8.5              22.7               21.1
  solutions            36.6              14.1               9.3                9.0

### Flory--Huggins Interaction Parameter {#sec3.4.16}

The Flory--Huggins interaction parameter (χ~12~) is traditionally derived from the Hildebrand solubility parameters of the solvent (δ~1~) and gelator (δ~2~; usually a polymer) and the solvent molar volume (*V*~1~) (eq [28](#eq28){ref-type="disp-formula"}).^[@ref7]^However, because the Hildebrand solubility parameter of DBS is unavailable, an extension of the Flory--Huggins equation proposed by Lindvig et al. was utilized (eq [29](#eq29){ref-type="disp-formula"}).^[@ref16]^*α\** is a constant for a volume-based combination term (*α\** = 0.6), and the Hansen parameters for DBS are obtained from the center of the solution sphere (Table [1](#tbl1){ref-type="other"}).^[@ref16]^

![Distances in Hansen space (A) between the DBS solution center (δ~d~ = 18.3 MPa^0.5^, δ~p~ = 14.1 MPa^0.5^, and δ~h~ = 9.33 MPa^0.5^) from Figure [6](#fig6){ref-type="fig"} and each solvent Hansen parameter. Two-dimensional projections of the distance between the solvent and DBS polar (Δδ~p~) (B), dispersive (Δ2δ~d~) (C), and hydrogen-bonding (Δδ~h~) (D) Hansen parameters and the Flory--Huggins interaction parameters (χ~12~) (E).](la-2014-008389_0007){#fig7}

Flory^[@ref65]−[@ref67]^ and Huggins^[@ref24]^ first utilized the enthalpy and entropy of mixing of long-chain molecules, assuming that polymer segments and solvent molecules occupied single lattice points. Note that the interaction parameter must be determined in dilute solutions, as is the case for most of the DBS molecular gels. A major advantage of the Flory--Huggins parameter over some of the others is that it accounts for differences in molecular sizes that contribute to changes in the entropy of mixing. Empirically, it is extremely effective at differentiating the solvent dependence on the different phases of DBS-solvent mixtures (Figure [7](#fig7){ref-type="fig"}E). Consistent with solution theory, which states that decreasing values of χ~12~ increase the tendency of dissolution, DBS solutions were found at low values of χ~12~.^[@ref7]^ Clear gels were observed in solvents with intermediate χ~12~ values, and opaque gels were obtained when χ~12~ values were high. These trends are identical to those observed by Fan et al. for systems composed of melamine and di(2-ethylhexyl) phosphoric acid as a two-part gelator.^[@ref7]^

### Conclusions from Thermodynamically Derived Solvent Parameters {#sec3.4.17}

HSPs show trends similar to those found by application of the α and SA parameters. The ability of the solvent to undergo strong hydrogen bonding alters the ability of the gelator to establish a hydrogen-bonded network; another example was found in [l]{.smallcaps}-lysine-derived gelators.^[@ref41]^ Solvents tend to cluster in Hansen space depending on whether solutions or clear or opaque gels prevail, and the arrangement of these Hansen spheres is not concentric based on the selected solvents. As mentioned above, this nonconcentric arrangement may be a caveat of solvent selection, and only when the solvent points are fairly evenly distributed in Hansen space can one make a firm statement about the concentric nature. However, based on the solvents selected in this study, the directionality of the vector defined by the DBS and solvent HSPs is extremely important. In addition, the Flory--Huggins interaction parameters predict the final structures, which form when DBS sols are cooled below the DBS melting temperature.

### Classification of Mixtures Using Cluster Analysis of Dual Solvent Parameter Data {#sec3.4.18}

As previously mentioned, because self-assembly in molecular gels is influenced by both solvent--solute interactions and bulk solvent properties, it is not possible to know a priori which solvent parameters are most important for screening the probability of gelation of a solvent by a selected molecular gelator. Individual solvent parameters, including dielectric constants,^[@ref15],[@ref68]^ Hildebrand solubility parameters,^[@ref6],[@ref7]^*E*~T~(30) parameters,^[@ref17],[@ref18]^ solvent polarity (polarizability (SPP), solvent basicity (SB) and solvent acidity (SA)),^[@ref18]^ Kamlet--Taft parameters,^[@ref15]^ and the Flory--Huggins parameter^[@ref16]^ have been applied extensively in an ad hoc manner with mixed success to predict gelator behavior. Unfortunately, the most widely available solvent parameters (i.e., macroscopic measurements of dielectric constants, log *P*, RI, etc.) show the poorest correlations with the likelihood of DBS self-assembling into linear aggregates. Recently, grouping solvents by statistical analysis to screen the assembly of single crystal polymorphs has shown tremendous promise.^[@ref5]^ To assess the predictive ability of solvent parameter pair combinations on the mode of assembly for DBS, a cluster analysis was carried out. This unsupervised learning technique allows the organization of a collection of data points, in our case, solvent parameter combinations, into clusters based on a distance or dissimilarity function.^[@ref69]^ The capability of the solvent parameter combinations to predict gelator behavior has been evaluated here based on their probability to group data points pertaining to a single type of outcome (solution, clear gel, or opaque gel) into distinctive clusters.

![Classification of DBS mixtures based on cluster analyses using pairs of solvent parameter values. (A) *E*~T~^*n*^(30) vs *D* (85% correct classification) and (B) 2δ~d~ vs π (48% correct classification). Circles are for clear gels, squares are for opaque gels, and stars are for solutions.](la-2014-008389_0008){#fig8}

###### Classification of DBS--Solvent Mixtures Based on Cluster Analyses Using Two Solvent Parameters and the Degree of Their Predictability as a Percentage[a](#tbl2-fn1){ref-type="table-fn"}

                     log *P*   *D*   *E*~T~^*n*^(30)   α    β    π    SPP   SB   SA   δ~d~   δ~p~   δ~h~
  ----------------- --------- ----- ----------------- ---- ---- ---- ----- ---- ---- ------ ------ ------
  log *P*                      70          58          79   67   58   66    69   75    64     61     58
  *D*                                      85          79   79   67   69    66   75    70     67     82
  *E*~T~^*n*^(30)                                      82   73   70   81    69   69    73     70     61
  α                                                         76   67   78    72   69    76     82     64
  β                                                              58   72    66   75    70     64     67
  π                                                                   50    53   50    48     48     48
  SPP                                                                       66   53    72     66     59
  SB                                                                             72    69     66     66
  SA                                                                                   75     78     69
  δ~d~                                                                                        52     52
  δ~p~                                                                                               55
  δ~h~                                                                                                

Solvent parameters were preselected with a minimum of 32 solvents. Units are as described in the text.

Only solvent parameters that were available for the majority (33) of our solvents were utilized in this cluster analysis to increase the likelihood of widespread applicability. To avoid larger-scale parameters to dominate others,^[@ref69]^ each was standardized by mean removal and variance scaling prior to the classification stage. Cluster analysis was then performed using a k-medoids algorithm (related to the k-means algorithm).^[@ref70]^ This clustering technique was programmed in Mathematica 9 using the FindClusters function under the Optimize method, which through an iterative approach finds a local optimum clustering. The Euclidean distance (i.e., square root of the sums of the squares of the differences between the coordinates of the points in each dimension)^[@ref71]^ was used to reflect dissimilarity between two data points. The utilization of centroid-based algorithms, such as the k-medoids, for classification requires specifying in advance the number of output clusters. In our case, the number of output clusters was set to 3, which accounts for all possible outcomes---solution, clear gel, or opaque gel---for our samples.

Calculating the smallest convex set that contained all points pertaining to a cluster using the computational geometry package in Mathematica 9 plotted the output clusters. The data points, differentially identified based on the gel structure, were overlaid on each cluster area to emphasize correspondence (Figure [8](#fig8){ref-type="fig"}). The predictive ability of the solvent parameter pair combinations was evaluated based on the percentage of correct grouping. Because the DBS mixtures are being placed into three different cluster states, a random result would place one-third of the solvents into the correct cluster. Several of the solvent parameter pairings did not cluster the solvents effectively into their appropriate group (Table [2](#tbl2){ref-type="other"}). For example, clustering solvents based on their π parameter and the dispersive Hansen solubility parameter (δ~p~) placed only 48% of the solvents into their appropriate cluster (Figure [8](#fig8){ref-type="fig"}B). However, clustering the solvents based on certain pairings increased the percentage of correct classification to well above 80% and even as high as 85% (i.e., *D* and *E*~T~^*n*^(30) parameters) (Figure [8](#fig8){ref-type="fig"}A). What is most intriguing about this cluster analysis is that two parameters that individually do not correlate DBS assembly do so well when paired. A probable reason for this is that two parameters typify polarity more completely than individual solvent properties. Thus, using cluster analysis may lead to insights about the factors responsible for molecular gelator (and other forms of) self-assembly from more easily obtained solvent data than that from the more complex parameters.

Overall Conclusions {#sec4}
===================

Using DBS as the molecular gelator, direct comparisons of solvent--solute parameters and the physical properties of gels as well as analyses of the bases upon which the parameters are formulated can be used to gain a better understanding of how such data treatments should be applied to systems involving molecular gels and which structural parts of a molecular gelator are important in its aggregation, nucleation, and SAFiN-forming events leading to gelation.

Opaque DBS gels tended to be weaker (i.e., lower *G*′ and lower yield stress values) and composed of thicker bundles of fibers than the transparent gels. Although polarity (as measured by the partitioning coefficients, Henry's law constants, static relative permittivity, refractive index, and the *E*~T~(30) parameters) of the solvent plays a role in the final state of the DBS--solvent mixtures, it is difficult to draw general conclusions other than clear gels more likely to form in higher-polarity solvents than in lower-polarity solvents. Analyses of the data using the solvatochromic parameters derived by Kamlet and Taft and by Catalan et al. strongly suggest that although the polarity of a solvent is important, its ability to accept or donate a hydrogen bond is much more consequential to determining whether the addition of DBS will result in a solution, a clear gel, or an opaque gel.

As demonstrated by the observation that Hildebrand parameters are ineffective at correlating the nature of the DBS phases, the thermodynamically derived parameters must be separated into individual Hansen solubility parameters. When so analyzed, the different phases tend to cluster in Hansen space. They are more sensitive to the hydrogen-bonding HSP component than to the polar and dispersive HSP components. Unlike polymers, which are very sensitive to the distance in Hansen space between their HSP and that of a solvent but much less so to the vector connecting the two points, the phases of the DBS--solvent systems are sensitive to both (e.g., opaque gels form when the solvent has a lower hydrogen-bonding HSP than does DBS). This observation is consistent with conclusions derived from solvatochromic-based measurements, corresponding to opaque gels resulting when DBS cannot accept a hydrogen bond. The Flory--Huggins parameter is extremely efficient at clustering the different DBS solution and gel states: low values of the interaction parameters lead to solutions, and high values of the interaction parameter lead to opaque gels; clear gels are found when values of the interaction parameter are in the intermediate range. Finally, cluster analysis or pattern identification techniques may allow commonly available measures of solvent polarity that are individually ineffective at predicting the self-assembly of molecular gel formation, to be combined to identify with greater confidence which solvents are capable of being gelated a priori.

We emphasize that DBS has been used here for demonstrative purposes. However, these parameters may be applied to all molecular gelations and treatments, and employing different molecular gelators will be required to build confidence that the treatments employed and comparisons made here are generally applicable. Regardless, a blueprint for how to proceed in such studies has been outlined. It is hoped that we and others will supply the data and analyses to determine whether the sought-after generality can be achieved.

Solvent purities, critical gelator concentrations, and visual appearances of the gels. Solubility parameters obtained from the literature. Schematic diagram of the rheological molds. Brightfield micrographs. FTIR spectromicrographs. Average rheological stress sweeps for opaque and clear gels, and distances from the centers of the solubility spheres (Figure S5) are included. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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